We report the discovery of a bright (f (250µm) > 400 mJy), multiply-lensed submillimeter galaxy HERMES J105751.1+573027 in Herschel/SPIRE Science Demonstration Phase data from the Her-MES project (Oliver et al. 2010) . Interferometric 880µm Submillimeter Array observations resolve at least four images with a large separation of ∼ 9 ′′ . A high-resolution adaptive optics K p image with Keck/NIRC2 clearly shows strong lensing arcs. Follow-up spectroscopy gives a redshift of z = 2.9575, and the lensing model gives a total magnification of µ ∼ 11 ± 1. The large image separation allows us to study the multi-wavelength spectral energy distribution (SED) of the lensed source unobscured by the central lensing mass. The far-IR/millimeter-wave SED is well described by a modified blackbody fit with an unusually warm dust temperature, 88 ± 3 K. We derive a lensing-corrected total IR luminosity of (1.43 ± 0.09) × 10 13 L ⊙ , implying a star formation rate of ∼ 2500 M ⊙ yr −1 . However, models primarily developed from brighter galaxies selected at longer wavelengths are a poor fit to the full optical-to-millimeter SED. A number of other strongly lensed systems have already been discovered in early Herschel data, and many more are expected as additional data are collected.
INTRODUCTION
The discovery of a population of high-redshift, prodigiously star-forming galaxies at sub-millimeter wavelengths has revolutionized our understanding of cosmological star formation (e.g., Blain et al. 2002; Chapman et al. 2005) . These submillimeter galaxies (SMGs) are frequently faint at optical wavelengths due to significant extinction, but some have far-infrared luminosities in excess of 10 13 L ⊙ , and are forming stars at > 1000 M ⊙ yr −1 . They are believed to be the progenitors of nearby massive elliptical galaxies (Swinbank et al. 2008 ), yet many of their properties remain mysterious.
Dusty, star forming galaxies are responsible for most of the cosmic infrared background (CIB, e.g., Marsden et al. 2009; Glenn et al. 2010) , which contains as much energy as all of the optical light ever emitted by galaxies (Puget et al. 1996) . Modelers have had some success in fitting the spectral energy distributions (SEDs) of SMGs and using this to infer their properties (e.g., Rowan-Robinson et al. 2008) , but it is difficult to study the sources that produce the CIB in detail because they are individually faint. These efforts are biased towards extremely luminous, red galaxies by selection effects, so it is interesting to test how well such models describe the less luminous Herschel sources selected at shorter wavelengths.
Confusion noise generally sets the flux limit at which individual Herschel sources can be studied. Gravitational lensing allows this limit to be circumvented. Due to the rapidly rising source counts at faint flux densities (Glenn et al. 2010 ) and the negative K-correction at sub-millimeter wavelengths, strong lensing is expected to be relatively common for SMGs (Blain 1996) . Indeed, follow up of early SPIRE data has shown that a large fraction of the brightest sources are lensed by other galaxies (Negrello et al. 2010) . Vieira et al. (2010) discovered a population of bright galaxies at 1.4 and 2mm, and suggested that these are lensed. Lensing allows us to study the properties of intrinsically fainter SMGs at a level of detail that is currently difficult otherwise (Swinbank et al. 2010; Ivison et al. 2010b ). Galaxygalaxy lensing is expected to dominate, with generally small image separations, so emission and absorption associated with the foreground lens may obscure the SMG in the optical and near-IR; this is the case for all of the sources in Negrello et al. (2010) .
Here we report the discovery of an SMG system (HER- Oliver et al. 2011, in preparation) , with coordinates α = 10h57m51s δ = 57
• 30 ′ 27 ′′ (J2000). A number of additional lensed systems are already known in HerMES data. The large separation between the images allows us to measure the SED of this object across a long wavelength baseline. In this letter, we model the optical-tomillimeter SED of this object. The lensing model for this system, based on high-resolution optical and near-IR observations, is presented in Gavazzi et al. (2011, hereafter G11) . We have also obtained high-resolution CO line maps (Riechers et al. 2010, hereafter R11) , and used the CO line strength distribution to model the molecular gas (Scott et al. 2011 , hereafter S11).
OBSERVATIONS
HLSW-01 was discovered using observations with the Spectral and Photometric Imaging Receiver (SPIRE, Griffin et al. 2010 ) on-board Herschel (Pilbratt et al. 2010) . It was selected for further follow-up with Z-Spec, a millimeter-band grating spectrograph at the Caltech Submillimeter Observatory (Earle et al. 2006) , based on its brightness and blue color (f (500µm) < f (300µm)); the latter was intended to avoid z > 4 sources where a redshift would be difficult to obtain. Z-Spec gives a secure redshift of z = 2.958 ± 0.007 (S11). R11 use additional CO lines measured with the Plateau de Bure Interferometer (PdBI), the Combined Array for Research in Millimeter-wave Astronomy (CARMA), and Zpectrometer on the Green Bank Telescope to refine the redshift, yielding z = 2.9575 ± 0.0001.
HLSW-01 is unresolved in the diffraction-limited SPIRE observations (FWHM 250µm = 18.6 ′′ ). The extreme brightness (f (250µm) ≃ 400 mJy) and the morphology in the optical and near-IR suggested a lensed source. A Subaru i image from the SERVS survey 37 shows clear evidence of lensing. The source is visible in previously obtained gr WHT observations and in data from the Spitzer/SWIRE survey (Surace et al. 2011, in preparation) . We obtained observations with the Submillimeter Array (SMA) in compact configuration at 880µm (beam FWHM 2.3 ′′ ), resolving the source into at least four components matching the position of several optical sources and surrounding a foreground elliptical galaxy. We further obtained a K p adaptive optics (AO) observation using NIRC2 on the KeckII telescope and the laser guide-star system (Wizinowich et al. 2006) . PdBI CO maps, presented in R11, detect at least the two brightest sources and show that they are at the same redshift. The photometric redshift of the central elliptical is 0.60±0.04 (Oyaizu et al. 2008 ). An optical spectrum obtained with the double spectrograph on the Hale telescope has absorption features consistent with the photo-z.
The numbering scheme used to identify sources in this letter is shown in Figure 1 , along with as a montage of observations at multiple wavelengths. The high-resolution K p image was used to construct a lensing model, which was compared with the i and PdBI observations to con-37 http://www.cv.nrao.edu/~mlacy/servs.html strain differential magnification; see G11 for details. This model has five lensing masses at the locations of foreground galaxies, and gives a total magnification factor of µ = 10.86 ± 0.68 for all five detected images based on a cored-isothermal model. The velocity dispersion strongly suggests that the lenses reside in a massive group of galaxies.
The photometry is summarized in Table 1 . At optical wavelengths the individual images are blended and partially resolved, so neither point-spread-function (PSF) nor aperture photometry is entirely satisfactory. We use aperture photometry with a relatively small aperture radius to minimize blending, and compute the aperture corrections for the partially resolved sources by convolving the lens model to the matching resolution in each band; the adjustment to the aperture correction compared with isolated point sources is only a few percent. We exclude photometry of image 1 because it is contaminated by a foreground object, and again use the lensing model to correct for the omitted light, which is a ∼ 15% correction.
In the Spitzer/SWIRE data, the individual images are separable in the Infrared Array Camera (IRAC) bands (3.6 to 8µm), and the SWIRE PSF photometry is adequate for our purposes. We use only photometry of sources 2 and 3, again using the lensing model to correct for the omitted sources 1 and 4. HLSW-01 is not present in the SWIRE catalog at 3.6µm. The FWHM of the 70 and 160µm MIPS observations are much larger than the separation between individual images, so the catalog flux measurement already includes all the images. At 24µm the SWIRE aperture is just smaller than the separation, so we re-measured the photometry using a larger aperture.
The SPIRE fluxes used here are from the HerMES SCATv3.1 catalog (A. J. Smith et al. 2011, in preparation) . For the SMA data we extract photometry and positions using the CASA 38 imfit task. For Z-Spec, we bin the spectrum into 5 100µm bins after masking noisy channels and the detected CO lines. The 20cm photometry is from the FIRST survey (Becker et al. 1995) .
We place upper limits on the potential foreground contamination by scaling the observed elliptical galaxy SEDs from Dale et al. (2007) ; Temi, et al. (2007) to match the optical magnitudes of the central lensing elliptical, taking the highest resulting fluxes in each band as our contamination limit. This is not relevant at shorter wavelengths where the sources are clearly resolved. The potential contamination peaks at 6 mJy at 160µm, and 3 mJy at 70µm. Given the SED, only the potential 70µm contamination is significant, but we adopt the contamination limits as an additional correlated uncertainty at all wavelengths. We take calibration errors, which also affect the photometry in a correlated fashion, from the instrument documentation.
SED FITTING AND SOURCE PROPERTIES
We first analyze the SED by fitting simple modified blackbody models to the long-wavelength data. It is possible that the far-IR emission has a different spatial distribution than the shorter wavelength data used to derive the lensing model, but the current SMA observations are 27.5 ± 0.6 mJy CSO/Z-Spec 1100-1200 20.4 ± 0.5 mJy CSO/Z-Spec 1200-1300
16.2 ± 0.5 mJy CSO/Z-Spec 1300-1400 12.0 ± 0.5 mJy CSO/Z-Spec 1400-1500 9.9 ± 0.6 mJy CSO/Z-Spec 3400 0.61 ± 0.19 mJy CARMA 214000
1.8 ± 0.7 mJy VLA Note. -Combined flux densities for all the detected images as detailed in the text. For brevity, only the summed flux density from all images is provided. All values are calibrated relative to a Fν = const SED. Note that calibration errors, which are dominant at most wavelengths and are strongly correlated between points, are not included, and neither are contamination/confusion errors. These values have not been corrected for magnification.
not high enough resolution to explore this issue. Therefore, we assume that the near-and far-IR emission are co-located. G11 find evidence for a small shift (∼ 0.4 ′′ ) between the PdBI CO emission and the optical emission, too small to significantly affect our results.
The standard form for a modified blackbody SED is a frequency-dependent optical depth factor:
, where B ν is the Planck function. The optical depth is assumed to be a power law in frequency, τ = (ν/ν 0 ) β following Draine (2006) . λ 0 = c/ν 0 is the wavelength where the optical depth is unity. In the optically thin case, ν ≪ ν 0 , this reduces to f ν ∝ ν β B ν (T ). The latter is often used in the literature to estimate temperatures, but here our data allow us to drop the assumption of optical thinness. In both cases we join the modified blackbody to a simple power law on the blue side of the peak (Blain et al. 2003) , which only affects the 70µm observation.
We fit both models from 70µm to 1.5mm to derive the temperature and total IR luminosity, including the error on the magnification. The fit is shown in the left hand panels of Figure 2 , and the parameters are given in Table 2 . All of the parameters are well-constrained by our data. We find λ 0 ≃ 200µm, a reasonable match to the theoretically expected value λ 0 ≃ 100µm (Draine 2006 ) and similar to that derived for Arp 220 (Blain et al. 2003) . The emission is optically thick bluer than observer-frame ∼ 800µm. A twotemperature model decreases the χ 2 by < 0.002 for the optically thick model (since there is virtually no contribution from the second component for the best fit), and for the optically thin model by about 5, so the latter remains a very poor fit.
The temperatures and β values for the two different models disagree strongly; this is also the case for the fits to Arp 220 in Blain et al. (2003) . The general model (i.e., 1 − exp [−τ ]) fits our data quite well, but the optically thin model does not, with a reduced χ 2 ν > 3. The derived temperature for the former is fairly high (∼ 90 K), suggesting a dust-enshrouded active galactic nucleus (AGN) contribution. This result is robust against removing the data from any single instrument or any individual data point. Obtaining an acceptable fit for a more typical dust temperature, such as 60K, requires increasing all the errors by a factor of > 2.2, including calibration errors. It is possible that the lensing is selectively magnifying a warm component, and that this high temperature is not representative of the SMG as a whole. The poor quality of the optically thin fit is similarly robust, unless the SPIRE observations are removed, in which case it becomes acceptable (χ 2 ν = 1.1). It is therefore possible that such warm SMGs have been missed in previous surveys that did not have observations near the peak of the SED, as it would then be difficult to distinguish between the optically-thin and thick cases. Since the general model fits the data much better, and makes fewer assumptions, henceforth we only discuss the results of this fit.
The above findings are independent of the lensing model, unless the location of the emission (and hence the magnification) changes strongly from 250µm to 1.5mm, which is unlikely. Turning to quantities which must be corrected for the lensing magnification, we find a far-IR luminosity of L IR = 1.43 × 10 13 L ⊙ , where L IR is defined as the luminosity from 8 to 1000µm in the rest frame. This implies a star formation rate of ∼ 2500 M ⊙ yr −1 from the relation of Kennicutt (1998) , ignoring any AGN contribution. We also measured L IR by spline-interpolating the observations, which gives a similar value (1.49 × 10 13 L ⊙ ). Assuming a mass-absorption Note.
-Fit values for the two modified blackbody models, applied to the magnification corrected 70 − 1500µm photometry. The second model assumes optically thin emission, and is only presented for comparison with literature values. The derived parameters include the uncertainty in the magnification. For L IR , we assume h = 0.7, Ωm = 0.27, and Ω Λ = 0.73. Fig. 2. -SED fits to HLSW-01 after correction for flux magnification. The left-hand panels show the modified blackbody fits to the long-wavelength observations (top panel) and the constraints on the temperature and β (the contours correspond to 68/95/99% enclosed probability) for the general form of the model. Note that the data points are strongly correlated, and the optically thick fit is an excellent match to the data. The right hand panel compares the optical to millimeter SED compared with the best fitting CIGALE model, the best combination of templates from Rowan-Robinson et al. (2010) , and the IR SEDs of Arp220 and M82 (prototypical nearby IR-luminous galaxies) scaled to have the same maximum flux density. All wavelengths are observer frame. coefficient of κ ν = 2.64 m 2 kg −1 at 125µm following Dunne et al. (2003) , from the temperature and luminosity we infer a dust mass of M d ≃ 1 × 10 8 M ⊙ ; κ ν , and hence M d , is uncertain by at least a factor of three. Further assuming a molecular gas to dust ratio of 60 for SMGs (Coppin et al. 2008 ), we estimate a gas depletion time of ∼ 2.4 × 10 6 yr, considerably shorter than the value of > 4 × 10 7 yr for 'typical' SMGs derived by e.g., Daddi et al. (2010) ; see R11 for actual gas mass estimates.
This source is weakly detected at 1.4 GHz in the FIRST survey, so we also compute q IR , the logarithmic ratio of L IR and the rest-frame 1.4 GHz flux density. HLSW-01 has an moderately low ratio, q IR = 1.5 ± 0.2, compared with the mean value and scatter of q IR = 2.4 ± 0.12 for HerMES sources with firm radio cross-identifications (Ivison et al. 2010a) , although not the lowest found. The high 1.4 GHz flux density suggests some AGN contribution. However, the 5 ′′ resolution of the FIRST survey is not good enough to rule out foreground contamination. While this is likely small, q IR should be regarded as a lower limit.
In addition to the above simple models, we have also investigated a variety of template fits across all wavelengths using several packages. A similar study was carried out for isolated, but somewhat intrinsically brighter, Herschel sources by Brisbin et al. (2010) , who found that model templates were generally a good match to the data. This is not the case here; available templates generally do not fit both the near-IR and far-IR through millimeter-wave data simultaneously. The templates of Rowan-Robinson et al. (2008 underestimate the far-IR flux by ∼ 30%. This is also the case for the models of Siebenmorgen & Krügel (2007) . In both cases this is because the SED of HLSW-01 peaks blueward of the templates. Similarly, the models of da are unable to reproduce the full SED (E. da Cunha 2010, private communication). The potential foreground contamination discussed in Section 2 is too small to explain these issues.
Next we turn to the CIGALE package (Noll et al. 2009 ), which combines optical/near-IR templates with a longerwavelength dust model. Using a two-stellar population model, this fits the SED considerably better, but has some issues in the near-IR, overpredicting K p (rest frame g) flux density by a factor of two and missing the slope of the IRAC observations. We are unable to explain this discrepancy. Ignoring these issues, CIGALE finds a total stellar mass of log 10 M * = 10.8 −0.5 , in M ⊙ and M ⊙ yr −1 , respectively. 70 ± 30% of the stars are in a young, strongly extinguished stellar component (A V = 6 ± 2), whose age is not well constrained. A sample of SED fits is shown in Figure 2 .
CONCLUSIONS
The unusually large image separation of HLSW-01 compared with most lensed sub-millimeter sources provides an opportunity to study a sub-millimeter galaxy at a level of detail typically only possible for more luminous sources. Due to confusion noise, this will generally not be feasible for un-lensed sources until the completion of ALMA. Detailed models of the gas and dust content based on CO emission are presented in S11 and R11.
Modified blackbody fits to the long-wavelength data (70µm to 1.5mm) imply a warm dust temperature of 90 K, and a star formation rate of ∼ 2500 M ⊙ yr −1 . Compared with other SMGs, we find a short gas depletion timescale of only a few million years, assuming negligible AGN contribution to L IR . This is one of the few SMGs that have been studied across such a wide wavelength range, due to the large image separation, so it is interesting that SED fits from the optical to the millimeter are generally a fairly poor fit to the data, typically matching the short wavelength data well but underpredicting the far-IR peak. We obtain somewhat better results with CIGALE, but it significantly overpredicts the 2µm flux and is not a great match to the IRAC observations. It is unclear if this galaxy is simply unusual, or if the templates -which were largely derived from even brighter galaxies selected at longer wavelengths -are not a good representation of galaxies selected at wavelengths near the peak of the far-infrared background. The latter would have significant implications for the inferred history of high-z star formation. Such warm systems may have been missed by previous surveys lacking data near the peak of the SED because of the common assumption of optical thinness. Models suggest there should be a large number of strongly lensed SMGs in Herschel data, which is consistent with early observations (Negrello et al. 2010 ), so we expect to address this question soon. The variations in lensing magnification make this a promising tool to study SMGs across a wide range of intrinsic luminosities, although relatively few sources will have such a large image separation. Additional multi-wavelength observations, particularly at high resolution, would improve the SED constraints significantly. 
